Caenorhabditis elegans is a popular model organism in the neurosciences [4] . This animal stands out in particular due to a (seemingly) simple nervous system consisting of only 302 neurons. Based on the fundamental research by John White and colleagues from the 1970s and 1980s, these neurons are precisely mapped in the entirety of their synaptic connections (chemical and electrical synapses; [51] ): by means of serial electron microscopy, the entire nervous system, synapse by synapse and including all anatomical connections, has been unraveled. Since eutely (having a fixed number of somatic cells) occurs in every single individual of C. elegans and since it can be expected that the synapses are genetically determined and not destined by plasticity or learning, one can expect consistency of synapses between individuals. However, evidence for this still needs to be provided by serial electron microscopy and connectomics being conducted on several individuals; even with modern block-face imaging and semi-automatic segmentation, this requires huge effort. White et al. [51] have been able to map about 7000 synapses in between the 302 neurons and muscle cells. In this neuronal network, elementary circuits can be found which, in an analogous, logical way of operation, can also be found in the nervous system of higher animals, with the difference that they exist in myriads of copies and work in parallel in order to comply with more complex tasks. The majority of synaptic key factors is highly conserved between humans and nematodes and, in most cases, these have been identified in C. elegans for the first time [6, 29] . Thus, the nervous system of C. elegans is not only a valid model for higher nervous systems on the protein level, but also on the level of basic circuits or logical circuitry modules.
Optogenetic analyses of neuronal network function and synaptic transmission in Caenorhabditis elegans
Caenorhabditis elegans is a popular model organism in the neurosciences [4] . This animal stands out in particular due to a (seemingly) simple nervous system consisting of only 302 neurons. Based on the fundamental research by John White and colleagues from the 1970s and 1980s, these neurons are precisely mapped in the entirety of their synaptic connections (chemical and electrical synapses; [51] ): by means of serial electron microscopy, the entire nervous system, synapse by synapse and including all anatomical connections, has been unraveled. Since eutely (having a fixed number of somatic cells) occurs in every single individual of C. elegans and since it can be expected that the synapses are genetically determined and not destined by plasticity or learning, one can expect consistency of synapses between individuals. However, evidence for this still needs to be provided by serial electron microscopy and connectomics being conducted on several individuals; even with modern block-face imaging and semi-automatic segmentation, this requires huge effort. White et al. [51] have been able to map about 7000 synapses in between the 302 neurons and muscle cells. In this neuronal network, elementary circuits can be found which, in an analogous, logical way of operation, can also be found in the nervous system of higher animals, with the difference that they exist in myriads of copies and work in parallel in order to comply with more complex tasks. The majority of synaptic key factors is highly conserved between humans and nematodes and, in most cases, these have been identified in C. elegans for the first time [6, 29] . Thus, the nervous system of C. elegans is not only a valid model for higher nervous systems on the protein level, but also on the level of basic circuits or logical circuitry modules.
Simple nervous system, complex behavior
As simple as C. elegans seems to be as an animal, the more versatile upon closer analysis are the behavioral patterns this animal is able to generate [39] . C. elegans carries out several types of locomotion, navigation in two and three dimensions, as well as complex mating behaviors [5] . The nematode has sensors for numerous modalities, e.g., temperature, chemicals, tastants, oxygen and CO 2 , perception of light and magnetic fields, as well as various types of mechano-and nociception. Most of these sensory modalities lead to responses in the form of taxis, escape behavior, or altered navigation. However, long-term changes in behavior can also occur, as well as switching between different behavioral states (mainly regulated by neuromodulators). The animal exhibits several types of quiescence behaviors, which feature characteristics of sleep [31] . Furthermore, the nervous system features habituation as well as simple forms of (associative) learning [2, 34] . Single modes of behavior are often controlled by a few neurons that form simple circuits. This means that the control of behavior is determined by the physiological characteristics and synaptic connections of the 302 neurons.
Cultivation of C. elegans in the laboratory is straightforward, the genome has been sequenced, and various genetic and transgenic methods can be applied, often with comparatively little effort. In addition, the animal is transparent and thus suited like no other model organism for optogenetic applications [52] . Accordingly, the function of single neurons or small neuronal networks can be precisely correlated with the respective behavior. Behavior can often be accurately quantified by tracking and video microscopy [15, 16, 18] and by using respective analysis software [53] . Sophisticated analysis algorithms permit behavior analysis in simple as well as complex parameters [42, 43, 44] , or by principal components analysis (PCA; [14, 36] ). For certain mutations, or when individual neurons are silenced optogenetically or laser ablated, one can often observe measurable characteristic changes in behavioral parameters. This enables "cellular epistasis analyses": Which neuron interacts functionally with which other neuron(s), in which hierarchy, in anatomically defined circuits (. Fig. 1 )? Furthermore, it is evident that neurons in the small nervous system of C. elegans are able to multitask and, despite their simple anatomy, are able to execute several functions. As of late, it has been possible to capture the entirety of the nervous system by Ca 2+ imaging, albeit in immobi-77 e-Neuroforum 4 · 2014 | lized animals for the present [36] . However, very recent work suggests that this should be possible in freely moving animals [33] .
Three types of networks in the C. elegans nervous system
In addition to the structurally determined network of chemical and electrical synapses, there is a third "wireless" network of neuronal connectivity [3] . It is supported by neuropeptides and neuromodulators, which can act either by paracrine or endocrine signaling. This third network enables the nervous system of C. elegans to reach a much higher complexity than expected based on 7000 synapses: Synapses can thus become part of very different functional networks, depending on whether they are modulated or even completely turned on or off in their transmission by a neuromodulator (. Fig. 2 ). Despite the comparable anatomy of hermaphrodites and males, in certain parts of the nervous system a variant of network functionality is found that is typical for hermaphrodites-which, however, can be transformed into a male variant by certain mutations or molecular biology manipulations. These animals, despite having the anatomy of a hermaphrodite (and number of neurons-males feature 81 additional nerve cells compared to hermaphrodites in order to enable execution of complex mating behavior), behave like males, and vice versa [11] . This variable network functionality is regulated and modulated by gender on the one hand, by neuropeptides on the other [21] .
Neuropeptides and neuromodulators
In order to understand the network of neuropeptides, it is necessary to gather more information than provided by the anatomical connectivity diagram. Neu- elegans. The upper panel shows various sensory nerve cells (mechanosensory, thermosensory, chemosensory, and polymodal), as well as their main connections to neurons of the locomotor nervous system. The center (highlighted in grey) shows the so-called command interneurons, which serve as premotor interneurons for forward and backward locomotion. They integrate incoming signals from sensory cells, enabling a locomotory response behavior that is appropriate for the current environmental situation. Subsequently, the command interneurons activate motor neurons (displayed in the lower area) to trigger forward or backward locomotion (VB/DB or VA/DA neuron classes). Chemical and electrical synapses, as deduced from electron microscopic reconstructions of the C. elegans nervous system [51] , are highlighted by arrows; the thickness of the arrows symbolizes the number of respective synapses. (From Husson et al. [19]) ropeptides can function at synapses and act locally; however, they can also be released into the pseudocoelomic fluid and subsequently reach and modify neurons in the remainder of the animal. For a better understanding of neuropeptide signaling, one needs to know the cells that release them and identify the neuropeptide receptor(s) (and their expression pattern) specifically binding the neuropeptides [20] . To make things even more complicated, the neuropeptide precursors often generate several similar neuropeptides which can have distinct functionality. The peptide-receptor interaction can be proven, for example, in cell-based assays where a receptor is co-expressed with a "promiscuous" Gα protein, which subsequently allows for an aequorin-based Ca 2+ imaging assay as a readout [28] .
Whether a certain neuropeptide is actually used in vivo can be verified by mass spectrometry [17] . In vivo the neuropeptide-assuming one knows which neuron is responsible for its generation (e.g. by single-cell specific mRNA profiling; [47] )-can be deactivated, for example, by cell-specific RNA interference, by gene deletion, or by specific gene knockout, e.g., using the CRISPR/Cas9 system. Subsequently, it is possible to examine whether the loss of the neuropeptide leads to behavioral defects or changes. If this is the case, the assumed target location of the neuropeptide can be identified by characterizing the expression pattern of the neuropeptide receptor. On the other hand, the role of the respective neuron or cell type can be analyzed by cell-specific RNAi of the receptor. With 119 neuropeptide genes that have been identified thus far, which code for >250 neuropeptides and 122 known or assumed neuropeptide GPCRs, such a correlation of peptide and receptor is a complicated and time-consuming process [13] . The characterization of phenotypes of neuropeptide or receptor mutants can become even more complicated if these phenotypes are subtle or if the appropriate context for their detection is unknown.
Optogenetic tools and methods in C. elegans
A remedy for this can partially be found in optogenetics. The first animal in which optogenetic methods based on microbial rhodopsins were tested was C. elegans. These methods made it possible for the first time to induce coordinated behavior using channelrhodopsin-2 (ChR2; [30] ). Shortly thereafter, the use of halorhodopsin (NpHR) as an inhibitory rhodopsin was also shown in C. elegans [54] . Since these early experiments, quite a number of optogenetic tools have been established in C. elegans. These include a number of variants of ChR2 which have different properties that are useful for specific applications [10, 26, 37, 38, 49] . Potent inhibitory rhodopsins have also been established which act as outward-directed proton pumps [15, 16, 18] . Furthermore, light-inducible enzymes, e.g., adenylate cyclases, are in use [12, 50] , and light-inducible protein-protein interactions have been established [32] . GPCR signal transduction can be made light-inducible using rhodopsins from vertebrates (bovine iso-rhodopsin, which is coupled to Gα i/o and human melanopsin, which is coupled to Gα q ); so far, however, these systems have not been sufficiently characterized [7] . Recently, optogenetic actuators have been combined with a genetically encoded Ca 2+ sensor that has spectral compatibility with ChR2 and allows the independent and simultaneous use of both tools according to the wavelength utilized (. Fig. 3, [1] ). This makes it possible, e.g., to straightforwardly achieve and verify signal transduction at anatomically defined synapses and to confirm their "sign" (excitatory or inhibitory) by stimulating one cell (e.g., a nociceptive neuron) with ChR2 and monitoring the Ca 2+ sensor (RCaMP) in a cell that is innervated by this neuron [15, 16, 18] .
Specific optogenetic manipulation of single neurons in freely moving animals
In order to use optogenetic tools to their full potential, they need to be specifically expressed in the relevant neurons. In some cases this can be achieved with single-cell accuracy by using specific promoters or by combinatorial/conditional expression using two promoters, which have a respective intersection of their expression pattern, and recombinases (. Fig. 4 , [27, 35] ). Alternatively, microscopy systems have been developed which enable the specific illumination of certain body regions with light of different wavelengths, even in freely moving animals, thus making it possible to photoactivate or photoinhibit only the desired, genetically manipulated neurons [24, 45, 46] . This enables functional probing of different nodes of a neuronal network (. Fig. 5 ).
Using these methods, simple experiments can be carried out to unravel the function of single neurons. This is particularly easy for sensory neurons or premo-tor interneurons, which activate the "basic machinery" of the locomotory nervous system indirectly or directly and thus can trigger coordinated behavior. In this context, it is also possible to carry out circuit breaker experiments (. Fig. 5 ): A sensory neuron, for example a mechanosensory or nociceptive neuron, is stimulated with blue light via ChR2. This can cause a fast backward movement (escape response). However, the sensory signal can be blocked at the level of the premotor interneurons by expressing a photoactivatable proton pump (Mac or Arch3) in these cells and activating it with green light. The hyperpolarization of the interneurons prevents activation of the motoneurons and therefore the escape response is abrogated (. Fig. 5, 6 , [15, 16, 18, 46] ).
Recent developments permit the combination of optogenetic manipulation with Ca 2+ imaging in freely moving animals [40] . Another very interesting approach uses algorithms to interpret animal behavior. It can analyze certain aspects of locomotion in real-time, for example the movement of the nose tip relative to a gradient of sodium chloride that has been generated in the culture medi- a, b, c) , finally arriving at a muscle and causing macroscopically observable behavior. b If no behavior occurs, network activity can be verified by a genetically encoded sensor for neuronal activity (red sun symbol; in this case RCaMP; [1] ) which is optically compatible with the use of ChR2 (d). c Optogenetically induced inhibition (red lightning) can stop the flow of optogenetically induced activity; the respective behavior fails to appear. d Absorption spectra of ChR2 and various fluorescence reporters that are used in genetically encoded Ca 2+ sensors. Only RCaMP displays a spectrum that allows sensor excitation which does not activate ChR2 at the same time; thus, actuator and sensor can be addressed independently by light um. At low concentrations this is an attractive stimulus. This fact can be used to generate a 'virtual' salt gradient via optogenetic stimulation of the sensory neurons specialized in detecting salt concentrations. The intensity of the light stimulus fluctuates depending on the head movement carried out by the animal, just like the activity of the neuron would change in a real salt gradient. The anticipated activity was deduced from data obtained in preceding Ca 2+ imaging experiments [23] . In the future, such a system could be combined with live imaging (see Outlook).
Optogenetic analysis of pain receptor genes
Optogenetic methods can not only be used to elucidate the function of neuronal circuits, but also to understand the influence of individual genes on the neuronal control of behavior. One example could be research on genes that occur in a polymodal nociceptive neuron (PVD) responsible for intracellular signal processing and transduction [9, 15, 16, 18, 41] . Optogenetic stimulation of this neuron causes an escape response, the 'kinetics' of which as well as other characteristics (persistence Fig. 4 8 Cell-specific expression of optogenetic tools in single neurons using recombinases and two promoters. a Promoters 1 and 2 have broad expression patterns, but they overlap only in the desired neuron. b ChR2 is expressed under the first promoter, but only if a recombinase (e.g., FLP or Cre recombinase), whose expression is controlled by the second promoter, removes a transcriptional stop cassette from the ChR2 construct. Expression thus only occurs at the intersection of both expression patterns and promptness of the escape response) can be measured by video analysis. Since the optogenetic stimulus bypasses endogenous signal generation (primary depolarization by nocisensors), it can be used to analyze the effects, e.g., of mutations of certain ion channels on excitability, stimulus transduction, and amplification of the electrical signal, as well as on synaptic transmitter release. In this way, genes may be identified which could be responsible for causing chronic pain, hyperalgesia, or the occurrence of allodynia in humans. Genes that are expressed in the PVD neuron were identified by mRNA profiling (. Fig. 7) . RNAi of several of these genes causes clear defects in optogenetically induced behavior. For an acid-sensing ion channel (ASIC-1), these defects hint at a function in synaptic transmission from PVD, and for a TRPM channel (GTL-1) they indicate a role in regulating excitability or in amplification of primary depolarizing signals [15, 16, 18] .
Optogenetic analysis of synaptic transmission by quantification of evoked behavior, electrophysiology, and electron microscopy Neuronal circuits are based to a large extent on chemical synaptic transmission. Mechanisms of synaptic transmission can also be analyzed in C. elegans using optogenetic methods (optogenetic investigation of neurotransmission, OptIoN; Liewald et al. [25] ). Since C. elegans neurons usually generate graded potentials and no action potentials, the strength of the light-induced depolarization largely correlates in a linear manner with the amount of neurotransmitter released [26, 37, 38] . Postsynaptic effects can be quantified on the basis of the triggered behavior (e.g., depolarization of cholinergic neurons leads to a strong contraction of the entire animal), or on the basis of electrophysiological recordings of the induced postsynaptic currents [25] . Thus, the effects of mutations in the synaptic machinery can be quantified via their effects on the release or the recycling of neurotransmitter (vesicles). Finally, neurotransmission can also be examined using electron microscopy, which can reveal changes in the synaptic ultrastructure caused by synaptic activity, e.g., fusion of synaptic vesicles, endocytosis, generation of endosomes, as well as the generation of new synaptic vesicles [22, 48] . Under steady state conditions, these processes are rare and thus hard to preserve and detect in electron microscopy (EM) preparations. However, with the help of optogenetic stimulation, structural changes can be precisely triggered and thus 'enriched,' and the tissue can be frozen ultra-rapidly using high-pressure freezing (. Fig. 8) . Furthermore, these processes can be analyzed to a certain extent in a time-dependent manner, being determined by the time gap between light stimulation and freezing (a few milliseconds up to sever- 7 8 Cell-specific mRNA profiling of the nociceptive neuron PVD, including optogenetic analysis of PVD defects following knockdown of candidate genes. mRNAs from PVD can be specifically isolated by pulldown of a FLAG tag-labeled polyA binding protein (green) that is specifically expressed in PVD. For comparison, mRNAs from other tissues are isolated and both are analyzed by microarray or RNAseq in order to determine which mRNAs are significantly enriched in PVD compared to controls. Expression of these genes can be transiently inhibited by RNAi, the resulting animals are analyzed in an optogenetic assay to detect defects in PVD. Positive candidates are subsequently analyzed further and, for example, specifically eliminated in PVD. (From Husson et al. [15, 16, 18] )
Fig. 8 8 Flash and freeze electron microscopy for the time-dependent analysis of the synaptic ultrastructure following optogenetic stimulation. a Scheme of the experiment for slow synaptic processes, induced by extreme activity. Animals that express ChR2 in cholinergic neurons are photostimulated for 30 s. At distinct points in time following the end of the light stimulus (blue bar), animals are deep-frozen in <10 ms by high-pressure freezing and synaptic structures are fixed. The preparations are treated by freeze substitution, stained with heavy metal ions, and analyzed in thin sections by electron microscopy. If a slow variant of ChR2 is used (the mutation C128S leads to long-term opening of the channel following short photostimulation; Schultheis et al. [38] ), the animal can be frozen during cell stimulation. b Experiment for the analysis of ultrafast processes. A variant of ChR2 (ChIEF) is used that closes extremely fast and thus allows an accentuated depolarization. The experiment takes place in a high-pressure freezer that allows light to be guided into the freezing chamber, facilitating the cryo-immobilization of the animals as early as 20 ms after the light stimulus. c Thin-section (40 nm) transmission electron microscopy of cholinergic synapses. Top unstimulated, bottom after 30 s of photostimulation. Synaptic vesicles docked to the plasma membrane are depleted and large endocytic vesicles ('100-nm vesicles') have formed. (Images kindly provided by Szi-chieh Yu) al seconds). These methods led to the discovery of a previously unknown, ultrafast type of endocytosis [48] . On the other hand, long-lasting light stimuli could evoke conditions which can be imagined to occur during an epileptic seizure [22] . On the level of the synaptic ultrastructure, these conditions are reflected by depletion of synaptic vesicles on the one hand and by the generation of very large vesicles that are induced by bulk endocytosis and which are subsequently dissolved within 10 s after the stimulus on the other. The recovery of docked synaptic vesicles and the return to normal synaptic release capability took up to 20 s.
Outlook
C. elegans is an amazing, versatile model system for molecular, cellular, and systems neuroscience that can serve as an excellent model for higher organisms in terms of basic mechanisms of nervous system function. Furthermore, special principles of the function of the nervous system of small invertebrates can be elucidated using C. elegans. Small invertebrates need to cope with a very restricted number of nerve cells to solve complex tasks and to orchestrate behavioral patterns. The methods that can be used in this system are already highly versatile, and are (or will be) expanded by optogenetics to a hitherto unprecedented extent. The combination of optogenetic actuators, inhibitors, and sensors for cell activity might enable an 'optogenetic voltage clamp' for the full control of neuronal activity (not merely perturbation, as with current approaches). Additionally, closed-loop optogenetics becomes conceivable, including online analysis and tracking of animal behavior. This would permit a true 'remote control' of single neurons of an animal in terms of behavior.
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